A combined RFLP and AFLP map was constructed for hexaploid oat (Avena spp.). The segregation of AFLP markers was scored in two hexaploid oat recombinant inbred line (RIL) populations, the 'Kanota' × 'Ogle' RFLP population, and a population derived from 'Clintland64' and 'IL86-5698', barley yellow dwarf virus (BYDV)-sensitive and BYDV-tolerant lines, respectively. More than 300 AFLP markers were scored in each population, of which 97 could be scored in both populations. AFLP markers were linked to RFLP markers in 32 of 36 'Kanota' × 'Ogle' RFLP linkage groups. The addition of the AFLP markers to the 'Kanota' × 'Ogle' RFLP data set combined markers from four pairs of linkage groups and increased the size of the map from 1402 cM to 2351 cM. Thirty linkage groups were observed in the 'Clintland64' × 'IL86-5698' population, two of which could be consolidated by comparing the maps from both populations. The AFLP and RFLP markers showed very similar distributions in the 'Kanota' × 'Ogle' population with a tendency of each type of marker to cluster with markers of the same type. The placement of a set of AFLP markers on the 'Kanota' × 'Ogle' linkage map will enrich the RFLP map and allow others to relate AFLP markers for agronomically important genes to the reference 'Kanota' × 'Ogle' linkage map.
Introduction
Oat (Avena spp.) is a significant cereal crop (Murphy and Hoffman 1992) . Cultivated oat is an allohexaploid with 21 haploid chromosomes and a large genome size (Bennett and Smith 1976) . To aid in the understanding and manipulation of the oat genome, molecular linkage maps have been constructed for diploid (O'Donoughue et al. 1992; Rayapati et al. 1994) and hexaploid oat, primarily by restriction fragment length polymorphism (RFLP) analysis. The hexaploid oat RFLP map has been used to identify quantitative trait loci (QTL) for agronomic traits (Siripoonwiwat et al. 1996) , crown rust resistance (Bush and Wise 1996) , and vernalization responses (Holland et al. 1997 ). In addition, significant advances have been made recently in comparative analysis of grass genomes through the use of common sets of RFLP probes (Devos and Gale 1997; Gale and Devos 1998b; Van Deynze et al. 1995) . These advances may make it possible to take advantage of developments in other large scale genomics programs such as those of rice (Sasaki 1998) , maize (Coe 1998) , and wheat for the study of grasses with relatively sparse linkage maps or large polyploid genomes.
Because a single mapping population cannot segregate for genes controlling all traits, it is often necessary to derive specific populations for mapping particular traits. For example, oat populations have been derived to identify chromo-somal regions for stem and crown rust resistance (Bush and Wise 1998; O'Donoughue et al. 1996) , dwarfing (Milach et al. 1997) , and tolerance to barley yellow dwarf virus (BYDV) (Jin et al. 1998) . Once derived, the segregation of a set of markers must be evaluated relative to the trait(s) of interest. RFLP analysis has been the most commonly used technique in mapping plant genomes (Tanksley 1993) . However, it can be labor intensive and expensive. Alternative mapping systems have been developed, including amplified fragment length polymorphism (AFLP, Vos et al. 1995) , random amplified polymorphic DNA (RAPD, Williams et al. 1990) , microsatellites (Tautz 1989) , and single nucleotide polymorphisms (SNP, Wang et al. 1998) . AFLP analysis is a PCR-based DNA fingerprinting technique that has the potential to produce a large number of polymorphic markers in each assay . Of the most commonly used DNA-based mapping techniques, AFLP analysis is the most informative marker system for mapping (Mackill et al. 1996; Powell et al. 1996) . AFLP analysis has been applied to the study of genetic diversity (Cho et al. 1996; Folkertsma et al. 1996; Hill et al. 1996; Maughan et al. 1996; Paul et al. 1997; Tohme et al. 1996; VanToai et al. 1997) , construction of linkage maps (Becker et al. 1995; Schondelmaier et al. 1996; Vaneck et al. 1995) , mapping specific genes (Simons et al. 1997; Thomas et al. 1995) , QTL mapping (Jin et al. 1998) , and positional cloning (Cnops et al. 1996) . However, for fine mapping and position cloning of genes, comparative genetics studies using a combination of AFLP maps and existing RFLP maps will be important, especially for species having large and complex genomes.
The hexaploid oat genome contains large amounts of repetitive and noncoding DNA. Most of the RFLP probes used to produce the oat RFLP map are randomly isolated cDNA clones. The use of marker technologies, such as AFLP, microsatellite, and RAPD, that are not limited to coding regions may increase the map density and help to reduce the number of linkage groups. AFLP markers have been incorporated into RFLP maps in other species, e.g., barley (Becker et al. 1995) and sugar beet (Schondelmaier et al. 1996) . Unlike cDNA probes, AFLP markers usually cannot be transferred readily across species boundaries. However, within a species, they often can be useful within multiple crosses of the same crop species.
In this study, we examined the segregation of AFLP markers in two different hexaploid oat recombinant inbred line (RIL) populations and combined AFLP mapping data with the reference hexaploid oat RFLP mapping data . 
Materials and methods

Plant materials
AFLP analysis
Genomic DNA was extracted from 10 to 15 plants of each RIL with CTAB (cetyltrimethylammonium bromide) (Doyle et al. 1990) . AFLP protocols and the sequences of the selective nucleotides of primers used for AFLP analysis are as previously described (Jin et al. 1998) . A set of 80 primer combinations was evaluated for the ability to produce informative banding patterns between the two pairs of parental lines. Based on this information, the 'Kanota' × 'Ogle' RIL population was evaluated with 19 and the 'Clintland64' × 'IL86-5698' RIL population with 26 primer combinations. Eighteen primer combinations were used in both populations. Polymorphic bands were numbered consecutively from the bottom of the films using the primer abbreviations in Table 1. All AFLP reactions were performed at least twice.
Map construction
Linkage analysis and map construction were performed using MAPMAKER version 3.0 (Lander et al. 1987) . The 'Kanota' × 'Ogle' data set from Siripoonwiwat et al. (1996) was used to place markers on the hexaploid RFLP map. This data set consists of 252 RFLP markers relatively evenly spaced across 36 linkage groups. Because of the presence of heterozygous markers in the 'Kanota' × 'Ogle' data set, makers in both populations were evaluated as 'F 2 intercrosses'. Markers were grouped in both populations with a log-likelihood of the odds (LOD) score of 8.0 and maximum recombination level of 0.30. Once a map order had been established, linked markers were assigned to intervals at a LOD score of 2.0. Recombination frequencies (r) for the RIL populations were calculated from the F 2 recombination fractions (R) reported by MAPMAKER using the equation r = R/2(1 -R) (Haldane and Waddington 1931) and converted to cM using the Kosambi mapping function (Kosambi 1944) .
Results
AFLP analysis in RIL populations
AFLP fingerprints were generated for the parents and the members of the mapping populations. Each AFLP primer combination produced an average of about 100 bands. Approximately 10% of the bands were polymorphic between 'Clintland64' and 'IL86-5698'. Up to 30% of the AFLP bands were polymorphic in the 'Kanota' × 'Ogle' population. In the 'Kanota' × 'Ogle' and 'Clintland64' × 'IL86-5698' populations, 354 and 317 AFLP markers were scored, respectively. When bands that were polymorphic between 'Kanota' and 'Ogle' were compared to those generated from 'Clintland64' and 'IL86-5698', about 52%, 185 markers, comigrated. Ninety-seven of these co-migrating polymorphic bands were scored in both RIL populations and evaluated for linkage. Most of the markers that showed distorted segregation in one population were more normally distributed in the other.
Linkage analysis of AFLP markers
Analysis of the segregation of the AFLP markers in the 'Clintland64' × 'IL86-5698' (C × I) RIL population identified 30 linkage groups, which were comprised of 265 markers and represented 1363 cM (Fig. 1) . About two-thirds of the AFLP markers (193) were assigned to unique positions. Of the remaining markers, 73 were mapped to intervals, 8 were assigned only to linkage groups, and 44 were unlinked. Linkage groups contained between 2 and 28 markers. Some clustering of markers was seen in several groups e.g., C × I: 1, 2, 6, 10, 13, 19, and 21 (Fig. 1) .
In the 'Kanota' × 'Ogle' population, the AFLP markers were linked to RFLP markers in 32 of 36 RFLP linkage groups (Fig. 2) . AFLP markers were linked to RFLP markers as close as 0.8 cM. The four linkage groups that did not contain AFLP markers were small, containing only 2 to 5 loci and represented just 70 cM. At a LOD score of 8.0 and a recombination fraction of 0.3, most of the linkage groups were the same as those reported by O'Donoughue et al. (1995) . However, the addition of the AFLP markers to the 'Kanota' × 'Ogle' RFLP data set combined markers from groups 5 and 30, 6 and 37, 24 and 26, and 25 and 32. The combined map contained 139 AFLP markers and 193 RFLP markers that could be assigned to unique positions. Additionally, 124 AFLP and 35 RFLP markers were placed relative to the mapped markers. The remaining markers could not be assigned to unique intervals. Before adding the AFLP markers the map was 1402 cM. The addition of the markers increased the size of the map to 2351 cM, of which 481 cM were from extension and 382 cM were from expansion.
When AFLP markers that could be scored in both populations were linked in one population, they were found to be linked in the second population 89% of the time (Table 2) . Ten of the 'Clintland64' × 'IL86-5698' linkage groups contained at least two AFLP markers that were mapped in both populations, which made it possible to assign these AFLP linkage groups to their corresponding linkage groups on the 'Kanota' × 'Ogle' RFLP map. Within these paired groups, many of the markers were linked in similar orders in both populations (Fig. 3) . The relative positions of markers that could only be mapped to an interval were less conserved than those of markers that could be assigned to unique positions. Two linkage groups from the 'Clintland64' × 'IL86-5698' population (C × I1 and C × I7) each shared two or more AFLP markers with 'Kanota' × 'Ogle' linkage group 36 (Fig. 3) . The association of the two groups was supported by the observation that the markers in linkage groups C × I1 and C × I7 formed a single linkage group at a LOD of 6.0 and a recombination fraction of 0.3.
Distribution of AFLP markers
RFLP and AFLP markers showed very similar distributions in the 'Kanota' × 'Ogle' RIL population. However, RFLP and AFLP markers usually formed separate groups of linked markers (Fig. 2) . Less frequently, individual AFLP markers were inserted between RFLP markers. In the 'Kanota' × 'Ogle' population no linkage groups were identified that contained only AFLP markers.
Discussion
In this study, we analyzed the segregation of AFLP markers in two hexaploid oat RIL populations and showed that the AFLP markers could be transferred between oat mapping populations. Because of the need to derive plant populations that segregate loci controlling particular traits, it is often necessary to establish a basic molecular map for future mapping studies. AFLP analysis provides a method to quickly apply a set of informative markers to the population and construct a basic framework from which information can be immediately drawn about the genetic location of agronomically important genes. The polymorphisms observed in one population often were detected in the second and frequently were linked with other markers in the same group. These observations suggest that most of the co-migrating bands are homologous and can be used to transfer linkage information from one oat mapping population to another. However, about 11% of the co-migrating markers mapped to different linkage groups, which underscores the importance in bridging maps of using multiple markers and (or) confirming the identity of bands through nucleotide sequence analysis. The number of AFLP markers that can be mapped in two or more populations likely will be associated with the relatedness of the crosses analyzed. The parental lines 'Ogle' and 'IL86-5698' shared 'Egdolon' and 'Tyler' oat lines in their pedigrees, which may have contributed to the number of bands that could be scored in both populations. These results are similar to those of Waugh et al. (1997) and Genome Vol. 43, 2000
Primers
EcoRI core sequence
Primer abbreviations used to identify AFLP bands in parentheses. *EcoRI primer core sequence: 5′-GACTGCGTACCAATTC-3′. † MseI primer core sequence: 5′-GATGAGTCCTGAGTAA-3′. Table 1 . Sequences of AFLP primers used for selective amplifications. Linkage Group
C × I1 and C × I7 9 7
*Total number of co-migrating markers linked to at least one of the indicated linkage groups. † Number of markers linked to the indicated linkage groups. Table 2 . Linkage groups containing AFLP bands that co-migrate in both populations. Dashed lines connect markers that could only be assigned to an interval in at least one of the populations. Becker et al. (1995) , which showed that many AFLP markers mapped to the same genetic loci in three different barley populations and that AFLP and RFLP markers tend to form distinct groups. The linkage information also can be used to form bridges to RFLP maps, which can in turn be used to identify other potentially informative markers linked to the loci of interest. RFLP analysis will remain the method of choice for crossspecies comparative genetic studies because of the conservation of gene sequences that hybridize to cDNA probes among grass species (Devos and Gale 1997; Gale and Devos 1998a; Gale and Devos 1998b; O'Donoughue et al. 1995; Van Deynze et al. 1995) . The combination of AFLP and RFLP data allowed us to identify agronomically important chromosomal regions in other cereal genomes (Jin et al. 1998) . Indirectly, the combined data could be useful for the identification of RFLP markers that are even closer to target loci, which could be used for marker assisted selection or the eventual cloning of agronomically important genes.
While some researchers have reported relatively uniform distributions of AFLP markers (Becker et al. 1995; Keim et al. 1997) , others have observed strong clustering of AFLP markers, sometimes in association with telomeric or centromeric regions (Alonso-Blanco et al. 1998; Qi et al. 1998 ). The AFLP markers in the 'Kanota' × 'Ogle' population seemed to be well distributed, which is reflected in the observation that the addition of the AFLP markers to the RFLP map resulted in similar levels of extension and expansion of the map. Yet most of the AFLP markers 'Kanota' × 'Ogle' linkage group 17 were located in the center of the map with the RFLP markers located terminally. Since telomeric and centromeric regions have not been identified yet on the 'Kanota' × 'Ogle' map, it is difficult to know if such an association exists in oat.
The combination of AFLP and RFLP mapping data also can be important for studies of genome structure by consolidating linkage groups and producing denser linkage maps. A complete set of monosomic stocks are available now for the 21 oat chromosomes (Jellen et al. 1997) . RFLP analysis of these aneuploid markers has been used to assign RFLP markers and linkage groups to specific hexaploid oat chromosomes (Kianian et al. 1997) . AFLP analysis of the aneuploid lines could assign linkage groups to chromosomes rapidly and begin to genetically define physical structures like telomeres and centromeres. As linkage groups are joined to form chromosomes and large gaps between groups of markers are closed, the accuracy and mapping of single gene and QTL traits will be enhanced.
